A New Radio Frequency Angular
Tropospheric Refraction Model

A. L. Berman and S. T. Rockwell

Network Operations Section

In the previous Deep Space Network Progress Report a new angular tropo-
spheric refraction model that very accurately reflected precise optical refraction
data was presented. In this report, the above optical refraction model is trans-
formed to a refraction model applicable at radio (S- and X-Band) frequencies. The

accuracies of this new model are:

lo uncertainty =~ 0.002 deg EL > 5deg
~0005deg 5>EL>0deg
~0015deg 0>EL> —3deg

l. Introduction

In a previous article (Ref. 1) the authors presented a
new angular tropospheric refraction model which very
accurately modeled existing optical angular refraction
data, as follows:

( {‘i Kns[U(Z)]’} >
R=F,F\exp }J=————| — Ky,

\ 1+ A4Z)
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A(P.Z) = (P — Po){exp [A(Z — A;)]}
Ay(T,Z) = (T — T,) {exp [B«(Z — B,)]}
Ay(Z) = (Z — Co) {exp [CL(Z — C1)]}

where
R = refraction, sec

Z = actual zenith angle, deg
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EL — elevation angle

EL =90 deg — Z

U = {Z ;K}

K, = 46.625
K, = 45375
K, = 4.1572
K, = 1.4468
K. = 0.25391
K, = 22716
Ky = —4.3877
K, = 3.1484
K,, = 4.5201
K,, = —1.8982
K,, = 0.89000

P = pressure, mm Hg

P, = 760.00 mm Hg
A, = 0.40816
A, = 112,30

T = temperature, kelvins
T, = 273.00 K

B, = 0.12820
B, = 142.88
C, =91.870
C, = 0.80000
C, = 99.344

More pertinent for use at JPL, however, would be an
angular refraction model which would possess very high
accuracy at S- and X-band (radio) frequencies. At the
time, it was hoped that a reasonably accurate method
could be found to transform the optical refraction model
to a radio-frequency refraction model. Past attempts to
accomplish this will be dealt with first, and then a new
method to accomplish the transformation will be proposed.
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Il. Past Attempts to Transform Angular
Refraction Models From Optical to
Radio Frequencies

To facilitate a discussion of past attempts to generate
angular tropospheric refraction models for use at radio
frequencies, let the following notation be introduced:

Ror = R(P,T,Z) = optical refraction model from
above

Rer = Rur(P,T,Z,RH) = radio frequency refrac-
tion model

P = pressure
T = temperature
Z = zenith angle
RH = relative humidity

N(h) = ND(h) + NW(h)

N(h) = total refractivity at radio frequencies
ND(h) = dry, or optical component, of refractivity
NW(h) = wet component of refractivity

h = height
h, = station height

s = parameter surface value

ND(h) = ND,
NW(h,) = NW,
N(ho) = N,

In general, attempts to construct a radio frequency
refraction model consisted of appropriating an empirical
model from optical refraction work which would give the
functional dependence on Z (say Rz(Z)), and then scaling
this expression by the total radio frequency surface
refractivity, i.e.,

N
refraction =~ < : > Ry(Z)
Ng
where N = reference optical refractivity.

At this point, one must ask, what are the implications
of this procedure? Since any signal (that is of interest
here) must traverse the entire troposphere, and is of
course, continually being refracted, one might think that
instead of being proportional to surface refractivity, angu-
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lar refraction is really more nearly proportional to total
(integrated) tropospheric refractivity, i.e.,

Refraction o { N(h) dh

However, refraction could also be proportional to surface
refractivity if it could be assumed that there exists some
f(h) such that:

N(h) = N.f(h)
so that
refraction o« [ N f(h)dh = N, {f(h) dh
Making the assumption that
ND(h) ~ ND.f,(h)
NW(h) ~ NW f,(h)
one would have for the optical case:

R, < {ND(h)dh = { ND.f,(h)dh
= ND, ff,(h)dh
For the radio frequency case:
Ryr < [N(h)dh = [ {ND(h) + NW(h)} dh
= [{NDf.(h) + NW f,(h)} dh
= ND, (f,(h)dh + NW, [ f.(h)dh

Without precise knowledge of the form of f,(h) and f.(h),
the only way that the surface refractivities could be used

to transform from the optical case to the radio case would
be if

Then
Rgp o« (ND, + NWQfﬁ(h) dh

and indeed

RAZ
Rer o (ND, + NWS)[ Aj%)]

However, it is well known that wet refractivity “decays”
much more rapidly than dry refractivity (for instance,
Ref. 4), so that f,(h) and f.(h) are quite dissimilar; thus,
the procedure of scaling an optical angular refraction
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model by the total surface radio refractivity to achieve a
radio angular refraction model would appear to be seri-
ously flawed.

I1l. Method Used to Transform From an Optical
to a Radio Frequency Refraction Model

From the previous section it was seen that
Ry <« N, = ND, + NW,
is a poor choice. A more logical choice would be

Rer ¢ fN(h)dh = [ {ND(h) + NW(h)} dh
= (ND(h)dh + f NW(h)dh

[ NW(h)dh }

Similarly, for the optical case (using the model previously
presented):

Ror < { ND(h)dh
Combining the above, one arrives at the equation that

will be used for the radio frequency angular refraction
model:

h) dh
RRF(P,T,Z,RH)zROP(P,T,Z){1 4+ SNW(h) }

[ND(h) dh

IV. Determination of Ratio of Integrated
Wet Refractivity to Integrated Dry
Refractivity

In attempting to determine an analytical parametric
representation for the expression:

f NW(h)dh
ND(R)dh

The most difficult problem by far lies with the integrated
wet refractivity. Berman first showed in 1970 (Ref. 2) that

{ND(h)dh = AP, [g}

where
A=17786

P, = surface pressure, mbar
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R = perfect gas constant
g = gravitational acceleration

g/R = 34.1°C/km

and also gave an expression to approximate the inte-
grated wet refractivity:

[NW(h) dh =
e

C,=1778
C, = 29341.0

where

RH = relative humidity
vy = temperature lapse rate
C = 3845
T, = extrapolated surface temperature
A = 7.44751n (10)
B = 2034.28 In (10)

Chao (Ref. 5) later improved upon the integrated wet
refractivity with the expression:

1.23

[ NW(h) dh = 1.63 X 102{6% } 4205 10%{8%';}

2

where

e, = surface vapor pressure, N/m?*

T, = surface temperature, K

« = temperature lapse rate, K/km
However, both of these expressions depend upon one or
more parameters not measurable at the surface (i.e.,
temperature lapse rate, etc.), and neither is particularly
accurate. Going back to the previous section, if the

altitude-dependent refractivities could really be repre-
sented as

ND(h) ~ NDf(h)
NW(h) ~ NW f,(h)
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and if the above refractivities could be integrated, i.e., if
A below could be evaluated as

_ Jf(h)dh
A= TRk

then one might simply expect that

SNW(h)dh _

j NW,
NDRYdh ~ }

\ND.

To test this hypothesis, the authors had ten cases used in
Ref. 2. Although a very small number, the cases were
alternate day and night profiles selected throughout the
year (December, February, April, August, September). A
least-squares linear curve fit to the above data was per-
formed as follows:

[ NW(h) dh

[N
fND(h)dh °’

A \'ND.
The fit yielded the following:

A = 0.3224
o(%) = 00.93%

X [ o(%) = 100 X a(ﬂ%fffﬁffg N A{%‘g}ﬂ

Translated to centimeters of integrated refractivity, one
would have

o(cm) = 2.0 cm

Table 1 and Fig. 1 present the detailed analysis of the
ten cases described.

As a totglly independent check of this observed rela-
tionship, use can be made of work done by Chao (Ref. 4)
on wet and dry refractivity profiles. Combining Egs. (9),
(10), (13), (14), (15), and (16) from Ref. 4, one has:

h 4

70 (h — 12.2)
= [ 2.9
369 ND, {exp < 6d )} h > 12.2km

NW(h) = NW8<1 - %) h < 13km
=0 h>13km
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Performing the dry refractivity integration, one has Or, finally

/ * ND(h) dh = / “* ND, (1 — Z.%) dh / * ND(R) dh — ND,(6.952)
= 70 (h—12.2) + 0 ND,64)
+ [ oD qew (- S =
— 86174(ND,)

12.2 h 4
! o Performing the wet refractivity integration, one has

70 /w [ (h — 12.2)}
+ -—ND, e - |dh 4

o -

Transforming the integral by

transforming the first integral by

PR
27) "

dh = —42.7 dx
h —_—
so that 1“'1—3 =x
I—L4d11:~4‘77fr*(lx dh = —13dx
427 } B
_ x 1—£4dh=—13fx4dx
= —42.73— 13

fl

6.952 L AN
5 B3) |,

Transforming the second integral by

=26
_(h—129) = x so that
6.4
dh = —6.4dx / NW(h) dh = 2.6(NW)
[}
so that
Combining the integrated wet refractivity and the inte-
(h — 12.2) grated dry refractivity yields

/exp[—T] dh = —64 fexp(x)dx

B (h— 1220\~ “wNpmyan  SOTAND

= —64] exp( ——Fs— 0

6'4 12.2
NW,
64 = 080172<ND )
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This is to be compared to the previously determined
relationship from actual data of:

/ NW(h) dh~03224 W
=~ ND.

S’

/ " ND(h) dh
Since the value of the 1o standard deviation
lo = 00.93% (~2 cm)

found from actual data compares favorably with the most
recent modeling published by Chao in Ref. 5 (~8 cm for
combined night and day profiles), and since the basic rela-
tionship seems verifiable by average profiles presented by
Chao; the determined expression will be adopted for use
with the optical refraction model. The surface refractivity
(Ref. 2) is defined as:

__ (RH).C.C, AT, — B
NW, = T2 exp T.-C
Ps
ND,=C, T

so that one would obtain

{ 1+ %} ~ 14 (0.3224) (Rﬁ ;C exp <éTT—:'CE>

To integrate this expression into the optical model, the
pressure term must be converted from mbar to mm:

1013
P (mbar) = P,(mm) X 60

so that one would finally have

{1 W}gl +

*TND(h) dh

(7.1 X 10°) (RH), __(AT,—B
T.P, P\T.=C

where
(RH), = surface relative humidity (100% = 1.0)
T, = surface temperature, K
P

. = surface pressure, mm of Hg

A =17.149
B = 4684.1
C = 38.450
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V. Final Angular Tropospheric Radio
Frequency Refraction Model

The following gives the complete radio frequency
angular tropospheric refraction model:

> K, [U(Z))
R:FthFw exp Qﬁw ‘Km

n- (v - TEm))

- (Fh-5m)
Fo= (1 + W%I;H {eXP [ETI—:WK]»

A(PZ) = (P — Po) {exp [A(Z — AJ)]}

A2<T>Z) =(T — T,) {exp [BI<Z - By)1}

As(Z) = (Z — Cu) {exp [C(Z — C2)1}

where
R = refraction, sec
Z = actual zenith angle, deg
EL = elevation angle

EL =90 deg — Z

@) = {Z;(zKl}

K, = 46.625
K, = 45.375
K, = 41572
K, = 1.4468
K, = 0.25391
K, = 22716
@
Ks = —4.3877
K, = 3.1484
K,, = 4.5201
K,, = —1.8982
K., = 0.89000
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P = pressure, mm Hg

P, = 760.00 mm Hg

A, = 0.40816

A, = 112.30

T = temperature, kelvins
T,=273.00K

B, = 0.12820

B, = 142.88

C,=91.870

C, = 0.80000

C. = 99.344

RH = Relative humidity (100%
W, =71 X 10

W, = 17.149
W, = 4684.1
W, = 38.450

VI. Model Accuracies

The inaccuracies introduced by the wet refractivity
term predominate over the inaccuracies presented in

Ref. 1. Considering

148

lo =1.00%

=1.0)

the maximum le angular errors would be

Z, deg AR, sec AR, deg
0-85 6 0.002

85-90 18 0.005

90-93 50 0.015

VIl. Fortran Subroutines

Reference 1 presented two Fortran subroutines, cor-
responding to the full optical refraction model and an
abbreviated version. These two routines have been trans-
formed to the radio frequency version of the refraction
model, and are presented in Appendixes A and B. The
Fortran subroutine SBEND (Appendix A) represents the
full model, while XBEND (Appendix B) gives the abbre-
viated version. Inputs required are:

PRESS = pressure, mm of Hg
TEMP = temperature, K
HUMID = % of relative humidity (100% = 1.0)

ZNITH = actual zenith angle, deg
and the subroutines return with

R = refraction correction, sec
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Table 1. Surface refractivity vs integrated refractivity

A = 0.3224 o = 0.93%,
NW NW, SNW(h) dh
Caso 100 X ND: A X {100 X ND;} 100 X Bt a (%) A om
(%) (%) (%)

1 4.86 1.57 2.27 +0.70 +1.48
2 3.76 1.21 2.17 +0.96 +2.03
3 574 1.85 1.80 —0.05 —0.11
4 5.34 1.72 1.37 —0.35 —0.74
5 474 1.53 175 +0.22 +0.47
6 7.14 2.30 2.17 ~0.13 —0.98
7 24.11 777 8.55 +0.78 +1.65
8 3172 10.23 9.12 —1.11 —2.35
9 7.29 2.35 458 +2.23 +4.72

10 9.89 3.19 2.69 —0.50 —1.06
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Fig. 1. Integrated refractivity vs surface refractivity
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Appendix A
Subroutine SBEND

SUBROUTINE SBEND(PRESS, TEMPsHUMID»ZNITH/R)
DIMENSION A(2),B(2)+C(2)vE(12)+P(2)¢T(2)92(2)

P(1) = 760.00
T(1) = 273,00
Z(1) = 91,870
P(2) = PRESS
T(2) = TEWMP
2(2) = 2NITH
A(1) = .40816
A(2) = 112.30
B(1) = .,12820
B(2) = 142,88
C(1) = .80000
C(2) = 99.344
E(1) = 46.625
E(2) = 45.375
E(3) = 4.1572
E(4) = 1.4468
E(5) = .25391
E(6) = 2.2716

E(7) ==1.3465
E(8) ==-4.3877
E(9) = 3.148%
E(10)= 4.5201
E(11)=-1.8982
E(12)= +89000

Wo = 7100,0
Wi = 17.149
W2 = 4684,.1
W3 = 38.450
D3=1 +DELTA(Z¢CrZ(2))

FP=(P(2)/P(1))*(1.~-DELTA(PrA»Z(2))/D3)
FT=(T(1)/T(2) )% (1.-DELTA(T»Be2(2))/D3)
Fu=1+(WOHUMID=EXP ((W1xT(2)=W2) /(T (2)=W3))/(T(2)%P(2)))
U=(2(2)=E(1))/E(2)

X=E(11)

DO 1 I=1.8

X=E(11-I)+U=sX

R=FT«FP*FWx(EXP(X/D3)~E(12))

RETURN

END

FUNCTION DELTA(A+Bs2)

DIMENSION A(2),B(2)
DELTA=(A(2)=-A(1))*EXP(B(1)*(2-B(2)))
RETURN

END
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Appendix B
Subroutine XBEND

SUBROUTINE XBEND(PRESS,TEMPIHUMIDsZNITH,R)
DIMENSION - E(12)
P

s 760.00
T s 273,00
E(l) » 46,625
E(2) & 45,375
E(3) ® 401572
E(4) = Je4ysd
E(5) » ,25391)

E(b6) = 202716
E(7) se] 93445
E(8) mswyeldaz7
Et9) = 301484
E(1D0)m 4¢520)
E(l))w~3e8982
E(12)=s 489000
w0 * 710040
wi » 17,149
w2 s 4684,
w3 s 38,450
FPsPRESS/P
FT=T/TEMP

FUS L+ WOOHUMIDLEXP((WISTEMP=N2) /I TEMP=W3) )/ (TEMPSPRESS)

Us(ZNITH=E(L))/EL2)

X=E(11)
0o 1 =18
XsE(llw]leueX

ReFTeFPoFWe(EXP(X)mE(}2))

RETURN
END
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